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PREFACE 
Within the Energy Program, this paper contributes to the identification of 
systems aspects of the nuclear option. It is to  some extent a follow-up to  the 
paper Considerations o n  the Large Scale Deployment of the Nuclear Fuel Cycle 
(RR-75-36) by R. Avenhaus, W. Hafele and P.E. McGrath, which it amplifies by 
identifying for the first time a decision/action tree for regulations. It  reiterates 
considerations on the special deployment of nuclear fuel cycle facilities. 

SUMMARY 
In the past, almost all the attention of the nuclear engineering community has been 
concentrated on the nuclear reactor. Reference is made to the recent OECD survey 
on the anticipated growth of nuclear power in the OECD countries. That growth is 
accompanied by a buildup of nuclear fuel cycle facilities, and related OECD data 
are reported. Ecological and environmental considerations raise the problem of the 
necessary tightness of the fuel cycle; this is quantitatively evaluated, in particular for 
a reprocessing facility. Related considerations for regulatory requirements are discussed. 
Nuclear fuel cycle parks and energy centers are treated, as are features of secondary 
energy systems, leading to  more global considerations on nuclear fuel cycle 
deployments. The paper concludes with conjectures on features of the terawatt 
domain. 

Energy Strategies and the Case of Nuclear Power* 
INTRODUCTION 
In the second half of the 60s electricity generation by 
nuclear power stations became competitive with conventional 
power stations. An order boom followed. In Japan, the U.S.A., 
the F.R.G. and other countries this led to a commercially 
significant production of nuclear electricity, which was in 
line with a more general striving for technological innovation. 
Yet this commercial competitiveness was not necessarily 
identical with the need to provide an energy production 
capability in view of the limited and vulnerable supply of 
cheap oil and gas. While this need was recognizable as an 
ever-increasing problem already in the early 60s, it became 
fully apparent to a wider public only in 1973. Today it is 
clearly the adequate supply of energy which establishes the 
scope for energy strategies. For the consideration of energy 
strategies it is fundamental to identify their time horizon; 
here it must be observed that there appear to be three time 
phases of the energy problem (Figure 1). 
F i r e  1. Three time phases for energy. 
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OPTIONS 
- OIL, GAS 
- (OLD) COAL 
- OIL, GAS 
- NUCLEAR ELECTRICITY 
- ENHANCED (OLD) COAL 
- NUCLEAR 
- (NEW) COAL 
- (SOLAR?) 
TIME PERIOD 
1960 - 1 9 7 3  
(YFSTERDAY) 
1973 - 1990? 
(TODAY) 
1990 - ?  
(TOMORROW) 
CHARACTERISTICS 
- CHEAP OIL, GAS 
- LOW CAPITAL COSTS 
- WIDE TRANSPORTATION O F  OIL 
- EXPENSIVE FUEL 
- ENERGY CONSERVATION 
- CHEAPFUEL 
- SIGNIFICANT CAPITAL COSTS 
- TRANSPORTATION AND STORAGE 
OF SECONDARY ENERGY 
S i n c e  t h e  e a r l y  60s  we have  been i n  t h e  p h a s e  o f  c h e a p  
and a t  t h e  s a m e  t i m e  v e r s a t i l e  f o s s i l  f u e l s .  Remarkably 
enough,  t h e s e  a l s o  a l lowed  f o r  low c a p i t a l  c o s t s .  Advancements 
i n  t a n k e r  s h i p  t e c h n o l o g y  a s  w e l l  as t h e  i n s t a l l a t i o n  o f  o i l  
p i p e l i n e s  made worldwide t r a n s p o r t a t i o n  o f  c h e a p  o i l  p o s s i b l e  
w i t h o u t  add ing  s i g n i f i c a n t l y  t o  t h e  f u e l  c o s t s .  I n  t h e  
i n d u s t r i a l i z e d  c o u n t r i e s  t h i s  l e d  t o  c h e a p  energy  and i n  t u r n  
t o  a n  e n e r g y - i n t e n s i v e  economic i n f r a s t r u c t u r e  t h a t  f r e e d  
c a p i t a l  and l a b o r  f o r  a d d i t i o n a l  and e x p e n s i v e  p u r p o s e s :  we 
a l l  e x p e r i e n c e d  h i g h  economic growth r a t e s ,  t h e  most s t r i k i n g  
example  b e i n g  Japan .  
NOW f o s s i l  f u e l s  have become e x p e n s i v e ,  o n e  r e a s o n  b e i n g  
t h e  p h y s i c a l  l i m i t a t i o n  o f  a  m i r a c l e  o f  n a t u r e :  t h e  o i l  s o u r c e s  
o f  t h e  Middle  E a s t .  The o t h e r  r e a s o n  i s  t h e  worldwide p o l i t i c a l  
c o n f r o n t a t i o n  o f  t h e  d e v e l o p i n g  c o u n t r i e s  w i t h  t h e  i n d u s t r i a l i z e d  
wor ld .  Any t e c h n o l o g i c a l  s t r a t e g y  t o  meet  t h e s e  c h a l l e n g e s  t a k e s  
t i m e ,  however. The second  p h a s e  o f  t h e  energy  problem i s  t h e r e -  
f o r e  c h a r a c t e r i z e d  by e x p e n s i v e  f u e l  and t h e  n e c e s s i t y  f o r  
energy  c o n s e r v a t i o n .  T r a d i t i o n a l  c o a l  p r o d u c t i o n  w i l l  b e  
enhanced and n u c l e a r  e l e c t r i c i t y  w i l l  b e  g i v e n  t h e  l a r g e s t  
p o s s i b l e  s h a r e ,  as  t h e s e  t e c h n o l o g i e s  a r e  a v a i l a b l e  t o d a y .  I f  
t h e  i n d u s t r i a l i z e d  n a t i o n s  a r e  s u f f i c i e n t l y  encouraged  t o  p r e p a r e  
and  l a u n c h  l o n g  r a n g e  t e c h n o l o g i c a l  programs,  t h i s  w i l l  have 
t o  b e  done i n  t h e  second p h a s e .  
I n  t h e  medium and l o n g  r a n g e  f u t u r e  t h e r e  a r e  s e v e r a l  
o p t i o n s  f o r  a  p r a c t i c a l l y  u n l i m i t e d  s u p p l y  o f  energy:  t h e  f a s t  
b r e e d e r ,  s o l a r  power, c o a l  w i t h i n  c e r t a i n  l i m i t s ,  p o s s i b l y  
f u s i o n ,  and g e o t h e r m a l  e n e r g y .  They a l l  a r e  c a p i t a l  i n t e n s i v e .  
One o f  t h e s e  o p t i o n s ,  o r  more p r o b a b l y  a  c o m b i n a t i o n  t h e r e o f ,  
w i l l  c h a r a c t e r i z e  t h e  t h i r d  t i m e  phase .  I n  view o f  t h e  t h e n  
f u n d a m e n t a l l y  and r a d i c a l l y  d i f f e r e n t  n a t u r e s  of p r imary  and 
secondary  e n e r g y ,  energy  s t o r a g e  w i l l  become a n  i n t e g r a l  p a r t  
o f  modern e n e r g y  s y s t e m s ,  p r o b a b l y  a l o n g  w i t h  t h e  a s s o c i a t e d  
e n e r g y  t r a n s p o r t a t i o n .  The fundamenta l  c o n s t r a i n t  f o r  r e l a t e d  
e n e r g y  s t r a t e g i e s  w i l l  p r o b a b l y  b e  t h e  a v a i l a b i l i t y  o f  c a p i t a l .  
GROWTH OF NUCLEAR POWER 
The l a t e s t  f i g u r e s  f o r  e l e c t r i c i t y  g e n e r a t i n g  c o s t s  a r e  
g i v e n  i n  T a b l e  1 .  R e f e r r i n g  t o  t h e  F.R.G. i n  J a n u a r y  1976,  t h e y  
a r e  t y p i c a l  o f  t h e  b e g i n n i n g  o f  t h e  second  p h a s e  o f  t h e  energy  
problem.  E l e c t r i c i t y  f rom l i g n i t e  i s  u n b e a t a b l e  b u t  n u c l e a r  
e l e c t r i c i t y  i s  c l o s e .  The c a p i t a l  c o s t  component i s  shown t o  b e  
h i g h ,  and t h e  f u e l  c o s t s  a r e  low i n  s p i t e  o f  t h e  f u e l  c y c l e  
s e r v i c e s  t h a t  have  l a t e l y  become s o  e x p e n s i v e .  At t h e  same 
t i m e  one  may n o t e  t h e  h i g h  f u e l  c o s t s  of c o a l ,  a s  w e l l  as i t s  
c a p i t a l  c o s t s  which r e f l e c t  e n v i r o n m e n t a l  aba tement  measures .  
T a b l e  1. E l e c t r i c i t y  p r o d u c t i o n ,  c o s t  components i n  
U.S. mills*/kWh ( 1  m i l l  = f o r  new p l a n t s  
( l o a d  f a c t o r  7000 h / a ) .  
L i g n i t e  
I n c l u d i n g  
F u e l  Cyc le  
O p e r a t i o n  
and 
Maintenance 
C a p i t a l  
Cos t  
Source :  Rhein ische-West fa l i sches  ~ l e k t r i z i t a t s w e r k  (RWE), 1976. 
2  
T o t a l  
T a b l e  2  shows f i g u r e s  o f  a  r e c e n t  OECD n u c l e a r  power g rowth  
e s t i m a t e  [ I ] .  A c c o r d i n g l y ,  i n  t h e  e a r l y  90s  J a p a n  c a n  e x p e c t  
r o u g h l y  100 G W ( e )  and t h e  U.S. 500 G W ( e )  of n u c l e a r  power,  w h i l e  
a  low OECD t o t a l  would b e  a t  1  TW(e).  For  comparison o n e  
s h o u l d  remember t h a t  t h e  wor ld  t o t a l  o f  e l e c t r i c  power t o d a y  i s  
o n l y  a t  r o u g h l y  2  TW(e) . T h i s  t h e r e f o r e  indeed  r e f l e c t s  a n  
e x p e c t e d  worldwide t e c h n o l o g i c a l  development .  
2.8 1 . 2  1 2.4 1 
-- 
9.6 
The n u c l e a r  community is  o n l y  g r a d u a l l y  l e a r n i n g  t o  e n v i s a g e  
n o t  m e r e l y  n u c l e a r  power s t a t i o n s  b u t  a l s o  t h e  r e l a t e d  f u e l  c y c l e ,  
and i n  p a r t i c u l a r  i t s  h o t  t a i l  end.  T a b l e  3  g i v e s  d a t a  f rom 
OECD n u c l e a r  f u e l  c y c l e  estimates t h a t  a r e  c o n s i s t e n t  w i t h  
t h e  low OECD estimate of  T a b l e  2  and w i t h  t h e  c a s e  o f  no Pu 
r e c y c l e .  Cumulated LWR f u e l  r e p r o c e s s i n g  r e q u i r e m e n t s  b u i l d  
up  from a b o u t  2000 t i n  1976 t o  a b o u t  300,000 t i n  t h e  l a t e  
90s .  A compar i son  w i t h  t h e  f i g u r e s  f o r  f r e s h  u ran ium demand 
i n d i c a t e s  a  d e l a y  of  a b o u t  1 5  y e a r s ,  t h e  t i m e  t a k e n  t o  b u i l d  
a  n u c l e a r  power s t a t i o n ,  burn  up t h e  f i r s t  c o r e  and w a i t  f o r  
r e p r o c e s s i n g .  T h i s  d e l a y  t o  some e x t e n t  e x p l a i n s  why t h e  
n u c l e a r  community i s  j u s t  b e g i n n i n g  t o  e n v i s a g e  f u l l y  t h e  
problems o f  t h e  h o t  t a i l  o f  t h e  f u e l  c y c l e .  What it must  a l s o  
e n v i s a g e  i s  t h e  f a c t  t h a t  t h e s e  amounts of  i r r a d i a t e d  f u e l  
f r i g h t e n  t h e  s c i e n t i f i c  and t h e  g e n e r a l  p u b l i c .  Such c o n c e r n s  
a r e  f u r t h e r  h i g h l i g h t e d  by t h e  amounts o f  p lu ton ium t h a t  t h u s  
18.4  
6 .4  
32.4 
6 .4  14.4  
26.8 24 . O  
become available. Table 2 indicates an OECD cumulative total 
of 1000 t of fissile plutonium in the mid-90s. Fears are 
extreme enough for reasonable people to maintain that plutonium 
makes the difference between good and evil. 
Table 2. OECD nuclear power growth estimate [GW(e)]. 
Source: R.E. Crawford and W. Haussermann, OECD/NEA, November 1975. 
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TIGHTNESS OF A LARGE COMMERCIAL FUEL CYCLE 
1990 
8 4 
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Japan 
F.R.G. 1 U.S.A. 
The most pressing issues of the hot end of the fuel cycle 
concern the reprocessing facilities. Here we leave aside the 
chemical engineering problems of radiation damage to the TBP 
leading to DBP and MBP, as well as similar problems. Significant 
as they are, they can be solved if chemical engineering tests 
and related developments are pursued on a large enough scale. 
It should be realized that this requires adequate amounts of 
highly irradiated LWR fuel elements, and that these have 
become available only recently. What is needed is a few 
prototype facilities to develop and test dissolving and 
processing enqineering schemes that deal with technologically 
significant amounts of highly irradiated LWR fuel elements, 
perhaps above 30,000 MWd/t. One should recall that there 
were--and still are--several such facilities that tested the 
dissolution and processing of fuel elements with low and 
medium burnups of up to 12,000 MWd/t (e-g. Hanford, NFS, Winfrith, 
The Hague, Mol). The chemical engineering problems cited above 
turned up unexpectedly when burnups from 12,000 MWd/t up to 
35,000 MWd/t had to be reprocessed. A few such reprocessing 
facilities for the development and testing of modern chemical 
engineering schemes would assume a function related to that of 
Dresden, Yankee and Indianpoint in the development of LWR's in 
the U.S.A., and Gundremmingen and Obrigheim in the F.R.G. To 
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some e x t e n t  t h e  WAK f a c i l i t y  o f  K a r l s r u h e  f u l f i l l s  t h i s  f u n c t i o n  
i n  t h e  F.R.G., and t h e  P N C ~  f u e l  r e p r o c e s s i n g  p l a n t  i n  Toka i  
Mura i s  e x p e c t e d  t o  p l a y  t h a t  r o l e  i n  Japan.  
As ment ioned above ,  it i s  assumed i n  t h e  r e a s o n i n g  o f  t h i s  
p a p e r  t h a t  t h i s  problem c a n  be  t a k e n  c a r e  o f .  But t h e r e  a r e  
o t h e r s .  On t h e  t e c h n o l o g i c a l  s i d e  t h e r e  a r e  problems o f  
t i g h t n e s s :  what r e t e n t i o n  f a c t o r s  have t o  be i n s t a l l e d  under  
normal o p e r a t i n g  c o n d i t i o n s ?  What is  t h e  r e q u i r e d  t i g h t n e s s  i n  
d e s i g n  b a s i s  a c c i d e n t s  f o r  fo r thcoming  r e p r o c e s s i n g  f a c i l i t i e s ?  
L e t  u s  l o o k  a t  a  few f i g u r e s .  The r e p r o c e s s i n g  p l a n t  o f  
Mol (Belgium) was p e r m i t t e d  t o  r e l e a s e  4. ~ i / ' s e c  o f  Pu o r  
1 .2  C i / y e a r  [ 2 ] .  The f u e l  t h r o u g h p u t  was a t  100 t / y e a r .  I n  
t h e  c a s e  o f  t h e  WAK a t  K a r l s r u h e  o n l y  a  few mCi/year w e r e  
r e l e a s e d ,  b u t  t h e  t h r o u g h p u t  was s m a l l e r  t h a n  t h a t , o f  Mol by 
a t  l e a s t  one  o r d e r  o f  magni tude .  A t  Hanford (U.S.A.),  a  t o t a l  
of 5 .3  mCi o f  a - e m i t t e r s  w e r e  r e l e a s e d  i n  1972,  t o g e t h e r  w i t h  
t h e  e f f l u e n t s  o f  t h e  "200 a r e a s "  where t h e  r e p r o c e s s i n g  and 
w a s t e  t r e a t m e n t  f a c i l i t i e s  a r e  l o c a t e d  [ 3 ] .  
The i m p o r t a n t  p o i n t  h e r e  i s  t h e  f a c t  t h a t  such  r e l e a s e s  
a r e  s t r e a m s  o f  a - e m i t t e r s  p e r  t i m e .  I f  t h e  s t r e a m s  become 
l i m i t e d  by r e g u l a t i o n  one  h a s  t o  a n t i c i p a t e  a  p o s s i b l y  s m a l l  
b u t  s t e a d y  b u i l d u p  o f  a - e m i t t e r s  i n  t h e  env i ronment .  I n  v iew 
o f  t h e i r  v e r y  long  h a l f l i f e  t h i s  c a n ,  i n  p r i n c i p l e ,  become a  
s i g n i f i c a n t  b u i l d u p .  T h i s  r a i s e s  two q u e s t i o n s :  
a )  What a r e  t h e  pathways f o r  t h e  v a r i o u s  i s o t o p e s  
i n  a  g i v e n  env i ronment ,  and a r e  t h e r e  accumu- 
l a t i n g  mechanisms? 
b )  What a r e  t o  be  t h e  r e f e r e n c e  t i m e  p e r i o d s  f o r  
t h e  c o n t i n u o u s  b u i l d u p  o f  r a d i o i s o t o p e s  i n  t h e  
environment  when r e g u l a t i o n s  f o r  t h e  f a c i l i t i e s '  
e f f l u e n t s  o f  a - e m i t t e r s  a r e  c o n c e i v e d ?  
The f i r s t  q u e s t i o n  i s  o f  a  s t r i c t l y  t e c h n o l o g i c a l  n a t u r e .  Much 
work needs  t o  be  done  i n  t h i s  a r e a .  But it c a n  be done: 
cumbersome a s  it  might  b e ,  i t  i s  u l t i m a t e l y  a  s t r a i g h t f o r w a r d  
t a s k .  T h i s  i s  n o t  s o  w i t h  t h e  second q u e s t i o n .  Is a  p e r i o d  
of 50 y e a r s  s u f f i c i e n t ,  o r  w i l l  o n l y  100 y e a r s  do?  What 
happens a f t e r  such  a  r e f e r e n c e  t i m e  p e r i o d  i f  n u c l e a r  power 
i s  t h e n  s t i l l  a  n e c e s s i t y ?  Need less  t o  s a y  t h i s  q u e s t i o n  r e f e r s  
n o t  o n l y  t o  a - e m i t t e r s .  A p e r h a p s  y e t  more s t r i k i n g  c a s e  i s  
t h a t  o f  112', hav ing  a  h a l f l i f e  o f  17 m i l l i o n  y e a r s .  I o d i n e  
d o e s  e n t e r  t h e  b i o s p h e r e .  E s t i m a t e s  show t h a t  w i t h i n  a  10 km 
r a d i u s  a round  a  1500 t / y e a r  r e p r o c e s s i n g  p l a n t ,  a  r e l a t i v e  
1' 2 9  b u i l d u p  o f  1.6.1 o - ~  p e r  y e a r  t a k e s  p l a c e  [4] , assuming a  
'power R e a c t o r  and Nuc lea r  F u e l  Developing C o r p o r a t i o n .  
r e t e n t i o n  f a c t o r  o f  l o 3  wh ich  i s  c o n s i s t e n t  w i t h  t o d a y ' s  t e c h n o -  
l o g y .  Kdnig b e l i v e s  t h a t  n o t  more t h a n  a  f r a c t i o n  o f  1 . 6 . 1  o - ~  
of s h o u l d  b e  i n  t h e  t h y r o i d  [ 5 ] .  A r i t h m e t i c a l l y  t h i s  would 
l e a d  t o  a  p e r m i s s i b l e  t i m e  p e r i o d  o f  o n l y  10  y e a r s ,  a s s u m i n g ,  
however ,  t h a t  a  g i v e n  i n d i v i d u a l  l i v e s  i n  t h e  n e i g h b o r h o o d  o f  
t h e  r e p r o c e s s i n g  p l a n t  t h r o u g h o u t  t h a t  p e r i o d .  
It i s  h a r d  t o  g i v e  a  c o n c l u s i v e  and  s t r a i g h t f o r w a r d  answer  
on  t h e s e  i s s u e s .  L e t  u s  t h e r e f o r e  p u t  t h e  q u e s t i o n  o f  p e r m i s s i b l e  
e f f l u e n t s  of  a - e m i t t e r s  d i f f e r e n t l y :  wha t  r e t e n t i o n  f a c t o r s  
a r e  t e c h n o l o g i c a l l y  f e a s i b l e ?  Here it i s  i m p o r t a n t  t o  r e f l e c t  
o n  t h e  t r a n s u r a n i u m  a c t i v i t y  o f  s p e n t  LWR f u e l  o n e  t o  t h r e e  
y e a r s  a f t e r  shutdown.  T a b l e  4 g i v e s  v a l u e s  f o r  t h e s e  a c t i v i t i e s  
- 
p e r  10' t o f  s p e n t  LNR f u e l .  P r a c t i c a l  e x p e r i e n c e  a t  Oak R idge  
[ 6 ]  h a s  shown t h a t  a i r  w a s t e  s t r e a m s  c o n t a i n  a b o u t  10  mg o f  
a e r o s o l s  p e r  m3 o f  a i r .  Such a e r o s o l s  a l s o  come f r o m  c h e m i c a l  
d i s s o l u t i o n  p r o c e s s e s  o f  t h e  s p e n t  f u e l .  Assuming a i r  v e n t i l a -  
t i o n s  o f  l o 3  m3 p e r  10  t o f  d i s s o l v i n g  f u e l ,  o n e  g e t s  a n  i n h e r e n t ,  
r e t e n t i o n  f a c t o r  o f  t o  f o r  t h e  a c t i n i d e s  i n v o l v e d .  
T a b l e  4 .  T r a n s u r a n i u m  a c t i v i t y  o f  l o 3  t o f  s p e n t  LWR f u e l *  
( H . M . )  1-3 y e a r s  a f t e r  shutdown ( i n  c u r i e s )  . 
a  A c t i v i t i e s  
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* 
W i t h o u t  Pu r e c y c l i n g .  
S o u r c e :  SYSTEC, D i i s s e l d o r f ,  1975.  
~t i s  t h e n  p o s s i b l e  t o  a p p l y  a b s o l u t e  f i l t e r s  o r  combina t ions  
t h e r e o f .  A d d i t i o n a l  r e t e n t i o n  f a c t o r s  o f  l o 4  t o  l o 5  a r e  t h e n  
t e c h n o l o g i c a l l y  f e a s i b l e .  To ma in t a in  such f i l t e r  f a c t o r s  f o r  
a l l  c o n d i t i o n s  of t h e  day  by day  o p e r a t i o n  o f  a  r e p r o c e s s i n g  
f a c i l i t y  r e q u i r e s  n o t  o n l y  a b s o l u t e  f i l t e r s  a s  such ,  b u t  a l s o  
a  mode of o p e r a t i o n  i n  which a l l  o t h e r  maintenance and r e p a i r  
s t e p s  a r e  c o n s i s t e n t  w i th  t h e  h igh  f i l t e r  f a c t o r s .  T h i s  might  
be more cumbersome t h a n  expens ive ;  y e t  it can  be done.  W e  
t h e r e f o r e  a r r i v e  a t  o v e r a l l  r e t e n t i o n  f a c t o r s  i n  t h e  o r d e r  
lo-" which t oday  must be  c o n s i d e r e d  a s  t e c h n o l o g i c a l l y  
f e a s i b l e .  
What does  such  a  r e t e n t i o n  f a c t o r  imply? A s  shown above,  
something l i k e  300,000 t of s p e n t  LWR f u e l  is  expec ted  t o  have 
pa s sed  r e p r o c e s s i n g  i n  t h e  l a t e  90s.  According t o  Table  4 ,  
we g e t  about  3 . 3 - l o 5  C i  o f  ~u~~~ pe r  l o 3  t of  such f u e l .  The 
t o t a l  is  t h e r e f o r e  1  o8 C i .  Applying a  r e t e n t i o n  f a c t o r  of 10-I 
w e  g e t  C i  of  ~u~~~~ o r  t h e  e q u i v a l e n t  of a f r a c t i o n  o f  one  
gram. Th i s  i s  obv ious ly  a c c e p t a b l e  i n  view of t h e  f a c t  t h a t  
it r e p r e s e n t s  t h e  OECD t o t a l .  For  comparison one  should  r e c a l l  
t h a t  a l l  t h e  weapon tests of  t h e  50s and 60s r e l e a s e d  a  t o t a l  
o f  5  t o  10 t of  Pu t o  t h e  g l o b a l  a tmosphere.  T h i s  r e s u l t  
r e q u i r e s  an i n t e r p r e t a t i o n :  
a )  We a r e  d e a l i n g  w i th  orders-of-magnitude c o n s i d e r a t i o n s  
and n o t  w i th  e x a c t  f i g u r e s .  
b )  Not on ly  ~u~~~ and r e p r o c e s s i n g  f a c i l i t i e s ,  b u t  a l l  
f u e l  c y c l e  f a c i l i t i e s  must be  t a k e n  i n t o  accoun t .  
c )  By t h e  yea r  2015 o r  s o ,  t h e  t o t a l  o f  r ep r oce s s ed  LWR 
f u e l  i s  expec ted  t o  be  h i g h e r  by a  f a c t o r  o f  abou t  10. 
Accord ing ly ,  a  f r a c t i o n  of  10 g  of  Pu would be  r e l e a s e d  
d )  We have s t u d i e d  t h e  t e c h n o l o g i c a l  f e a s i b i l i t y  o f  
r e t e n t i o n  f a c t o r s  of 10-lo.  To be c o n s i s t e n t  w i t h  
such  h igh  r e t e n t i o n  f a c t o r s  under  a l l  p r a c t i c a l  
o p e r a t i n g  c o n d i t i o n s  indeed  r e q u i r e s  a  very  h igh  d e g r e e  
of me t i cu lousn es s .  
Le t  u s  r e t u r n  t o  c o n s i d e r a t i o n  of t h e  r e f e r e n c e  t i m e  
p e r i o d s .  The o r d e r s  of magni tude g iven  above c l e a r l y  show 
t h a t  w e  a r e  on t h e  s a f e  s i d e  i f  r e t e n t i o n  f a c t o r s  o f  10-I a r e  
i n s t a l l e d .  I n  t h a t  c a s e  one  buys t ime ,  l e a r n i n g  can  t a k e  p l a c e ,  
e x p e r i e n c e  c a n  accumulate .  L e t  u s  now c o n s i d e r  t h e  f u e l  c y c l e  
a s  a  whole. A t  t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  Applied Systems 
A n a l y s i s ,  R. Avenhaus, W. Haf e l e  and P. McGrath s t u d i e d  t h e  
l a r g e  s c a l e  deployment o f  a  n u c l e a r  f u e l  c y c l e  f o r  3600 GW(th) 
[ 4 1  t h e  s c e n a r i o  d e a l t  w i th  f a s t  b r e e d e r s  and h igh  t empe r a tu r e  
r e a c t o r s  o n l y ;  i f  w e  a r e  i n t e r e s t e d  i n  order-of-magnitude 
c o n s i d e r a t i o n s ,  t h i s  i s  e q u a l l y  s i g n i f i c a n t  f o r  3600 GW(th) o f  
LWR. One may relate this to 1 TW(e) of LWR capacity, which, as 
mentioned, fits nicely with the OECD LWR estimates for the 
mid-90s. The intent of the IIASA study was a broader one. We 
wanted to understand: 
a) the order of magnitude of the total impact of deploying 
such a fuel cycle; 
b) the priorities with which attention must be given to 
the various parts of the fuel cycle; 
C) the kinds of regulatory decisions involved. 
Basically we considered expectation values for dose rates. By 
expectation values we imply their mathematical meaning: the 
linear average of high and low values and over time. Figure 2 
explains the procedure. Two types of dose rates were considered: 
That for an individual in , and that for a population in ["'"I 
Normal Operational Losses 
Dose Rates = (Emission) . (Meteorology/Population) Biology 
Figure 2. Doee rates. 
Accidental Losses, Substitution 
1- - These dose rates are obtained by multiplying the 
Q-P d 
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3.15.10 7 
E3 
&issioG in question by a typical meteorology factor and ICRP 
values for the biological/health impact. In view of the broad 
purposes of the study we kept a high level of aggregation or 
simplification; the idea was to get an overview. Table 5 gives 
results for typical normal operating losses for 3600 GW(th). 
Consistently with the above observations on the rigorous meaning 
C: Curies Released 
at Once 
d: Exposure Time 
(set) 
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o f  e x p e c t a t i o n  v a l u e s ,  w e  examined t h e  r a t i o s  of t h e s e  d o s e  
r a t e s  t o  t h e  e x i s t i n g  n a t u r a l  r a d i a t i o n  d o s e  r a t e s .  Only v a l u e s  
l a r g e r  t h a n  a r e  shown i n  T a b l e  5 .  The r e s u l t s  i n d i c a t e  
t h a t  Kr85 r e l e a s e s  from r e p r o c e s s i n g  f a c i l i t i e s  a r e  n o t  
a c c e p t a b l e ;  r e t e n t i o n  f a c t o r s  o f  l o 3  o r  s o  must b e  e n f o r c e d .  
A l l  o t h e r  r e l a t i v e  d o s e  r a t e s  a r e  v e r y  s m a l l .  T h i s  v e r y  
r e a s s u r i n g  o b s e r v a t i o n ,  however,  r e s t s  on t h e  c h o i c e  o f  t h e  
o t h e r  r e t e n t i o n  f a c t o r s  g i v e n  i n  t h e  t a b l e .  For  Pu w e  had 
assumed lo8  i n  t h e  s t u d y .  As w e  have s e e n ,  v a l u e s  o f  101° c a n  
be c o n s i d e r e d  f e a s i b l e .  The r e l a t i v e  burdens  t h e n  go  down t o  
v a l u e s  of  and less; and t h i s  i l l u s t r a t e s - - i n  t e r m s  n o t  o f  
r e f e r e n c e  t i m e  p e r i o d s  b u t  o f  r e l a t i v e  d o s e  r a t e s - - t h e  d e g r e e  
o f  p r e c a u t i o n  t h i s  c h o i c e  of  r e t e n t i o n  f a c t o r s  i m p l i e s .  T h i s  
t r a n s l a t e s  i n t o  r e f e r e n c e  t i m e  p e r i o d s  a c c o r d i n g l y .  
The IIASA s t u d y  a l s o  c o n s i d e r s  a c c i d e n t a l  s i t u a t i o n s .  Thus 
w e  r e p l a c e d  t h e  e m i s s i o n s  o f  t h e  m r m a l  o p e r a t i n g  c a s e  by t h e  
p r o d u c t  o f  a  p r o b a b i l i t y  p e r  second and t h e  a n t i c i p a t e d  r e l e a s e  
of  r a d i o a c t i v i t y .  But h e r e  a  n o r m a t i v e  approach  was chosen .  
W e  f i x e d  t h e  d o s e  r a t e s  and back- f igured  t h e  a c c i d e n t  
p r o b a b i l i t i e s  t h u s  i m p l i e d ,  which t h e n  s e r v e  a s  t a r g e t  v a l u e s  
f o r  r e l i a b i l i t i e s ;  i .e . ,  w e  have a  normat ive  approach .  The 
a c t u a l  d e s i g n  b a s i s  a c c i d e n t  p r o b a b i l i . t i e s  o f  a  g i v e n  f a c i l i t y  
must  t h e n  be s m a l l e r  t h a n  t h i s  t a r g e t .  R e l i a b i l i t y  c o n t r o l  
s t u d i e s  s u c h  a s  t h o s e  by Rasmussen and h i s  team f o r  t h e  LWR 
c a s e  p r o v i d e  s u f f i c i e n t  a s s u r a n c e  t h a t  t h i s  i s  s o .  The IIASA 
s t u d y  c o n s i d e r s  n o t  o n l y  a c c i d e n t s  of  f a c i l i t i e s  b u t  a l s o  
p h y s i c a l  p r o b e c t i o n  and t h e  i n t e r n a t i o n a l  s p r e a d i n g  of  p lu ton ium.  
T a b l e  6 shows some o f  t h e  r e s u l t s  o f  t h a t  s t u d y .  It must b e  
r e a l i z e d  t h a t  s m a l l  v a l u e s  o f  n o r m a t i v e  a c c i d e n t  p r o b a b i l i t i e s  
r e f l e c t  a  p r e c a r i o u s  s i t u a t i o n ,  w h i l e  l a r g e  v a l u e s  i n d i c a t e  an 
i n h e r e n t  p e r m i s s i v e n e s s  o f  t h e  t e c h n o l o g i c a l  s i t u a t i o n  i n  
q u e s t i o n .  It is  s u r p r i s i n g  t o  l e a r n  from T a b l e  6 t h a t  r e p r o -  
c e s s i n g ,  p lu ton ium c o n t a m i n a t i o n ,  and t h e  e x p l o s i o n  o f  a  c r u d e  
d e v i c e  whose p lu ton ium was o b t a i n e d  by i n a d e q u a t e  p h y s i c a l  
p r o t e c t i o n ,  a r e  o f  less c o n c e r n  t h a n  i n t e r m e d i a t e  w a s t e  s t o r a g e ,  
t h e  c a s e  o f  a  Pu f u e l  f a b r i c a t i o n  p l a n t ,  and f i n a l  w a s t e  d i s p o s a l .  
It is  o b v i o u s l y  u n a v o i d a b l e  t h a t  c e r t a i n  assumpt ions  a r e  made 
i n  a l l  t h e s e  r a t h e r  s t r a i g h t f o r w a r d  c a l c u l a t i o n s .  
A s p e c i a l  c a s e  i s  f i n a l  w a s t e  d i s p o s a l ,  where t h e  under-  
l y i n g  a s s u m p t i o n s  h e a v i l y  i n f l u e n c e  t h e  o r d e r i n g  o f  c o n c e r n s .  
F i g u r e  3 i l l u s t r a t e s  t h e  s c e n a r i o  we had assumed. Waste i s  
s t o r e d  i n  g l a s s  c y l i n d e r s  o f  20 c m  d i a m e t e r  where  a  b r e a k - i n  
o f  g roundwate r  o c c u r s  because  o f  u n f o r e s e e n  g e o l o g i c a l  e v e n t s .  
F r a c t i o n  F, o f  t h e  t o t a l  g l a s s  c y l i n d e r  s u r f a c e s  i s  exposed t o  
t h e  w a t e r .  W e  f u r t h e r  assumed ad  hoc t h a t  t h e  groundwater  
c i r c u l a t e s  i n  a  c l o s e d  loop- - the  s o i l  f i l t e r s  t h e  w a t e r ,  
r e s u l t i n g  i n  a  f i l t e r  f a c t o r  F --and t h a t  p e o p l e  would have t o  2  
u s e  t h e  groundwater  a s  d r i n k i n g  w a t e r  f o r  10 y e a r s ,  t h e  p e r i o d  
needed f o r  a p p r o p r i a t e  measures  t o  s t o p  g roundwate r  c i r c u l a t i o n .  
FRACl'lON F I  EXPOSED TO WATER 
Figure 3. A waste disposal accident scenario. 
Given this scenario, the resulting normative accident probability 
in Table 6 follows: this means that the site of final waste 
disposal must be selected in such a way as to have a geological 
probability for water break-in that is smaller than the normative 
accident probability. For each final waste disposal site 
considered, the accident scenario will probably be different 
and has to be properly assessed. More generally, the resulting 
normative accident probabilities should not be smaller than 
approximately 1 o - ~  per year. Smaller values would be required 
if the waste inventory, together with leach rates and other 
technical parameters, were so high that they in turn implied 
these low accident probabilities. Instead, waste inventory and 
technical parameters should be such that the resulting normative 
accident probability is one in 10,000 years or so. In this 
case geologists can probably make assessments; 10,000 years 
are a short time period in geological terms. 
This reasoning is not meant to lead to this or that 
geological assumption or this or that choice of an accident 
scenario; experts will do that job. The point is rather to 
Table 6. Normative accidental losses for 3600 GW(th). 
' mawem Population Meteorology Factdr: 2 . 8  10 [year] t BMo= 4'10 
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show that a design basis accident scenario must be anticipated, 
and that resulting normative accident probabilities must be 
derived from permissible dose rates. Thereby upper bounds for 
required reliabilities are introduced, and one cuts the 
otherwise prevailing openendedness of debates on final waste 
disposal problems. In other words, once the specifications are 
given engineers can do their job of designing and constructing 
final waste disposal facilities. The problem is not engineering; 
it is rather to identify such specifications. And this is a 
soft problem of regulations. 
A SET OF REGULATORY DECISIONS 
Regulatory decisions for rational deployment of large 
scale nuclear power can be logically organized, and Figure 4 
shows the structure reflecting this organization. 
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Fgure 4. Sequence of decisions for large scale nuclear power. 
A first decision is whether one wants to establish limits 
mr em 
or cost benefit ratios. The famous 5 year for LWR are an example 
of a predetermined limit, and in each particular case the actual 
dose rate must be below that limit. The alternative is a cost 
benefit ratio. Recently the U.S. Environmental Protection 
Agency conceived such a ratio by stating that for each GW(e) 
year a release of 0.5 mCi of ~u~~~ should be tolerated. One 
4 GW(e) year relates to roughly 200 kg of Pu and thus =I0 Ci 
of ~ u ~ ~ ~ .  0.5 mCi/GW(e) therefore implies a retention factor 
8 
of 10 . If other a-activities are taken into account, one 
becomes consistent with the retention factor 10' elaborated 
earlier in this paper. Another cost benefit ratio is the value 
of e.g. $1000/manrem. It implicitly relates to the value of 
a life. If 1000 rem are considered a lethal dose the value of 
a life is rated to be $1 million. J. Linnerooth recently 
made a survey of mathematical techniques used in assessments 
of the value of a human life [71 . 
If one opts for limits, the next decision to be nade is 
whether one wants to control effluents or ambient dose rates. 
The difference is in pathways and meteorology. Ambient dose 
rates take account of this difference. Effluent control is 
easier to assess on the one hand; on the other, it implies that 
effluents should be limited even if ambient dose rates,permit 
higher values, because diffusion and accumulation mechanisms 
are not fully known or because any release into the environment 
is considered detrimental. 
In both branches allocations must be made between normal 
operating dose rates and dose rates due to accidents. If there 
is an upper limit, one must reflect on a certain reserve for 
accidental situations; not all the allowance can be used up 
for normal operating conditions. This too must be viewed as a 
normative decision. 
In case one has opted for effluent control one can 
straightforwardly calculate the required retention factors and 
the normative accident probabilities, which in turn establish 
a target for plant reliability. 
In case of ambient dose rate control one has to identify 
a dose rate for the individual and one for the population, 
as explained earlier. It might be considered to be of relevance 
whether or not a dose rate permitted for an individual is 
applied to a major share of a population. For instance, genetic 
considerations could raise this issue. The individual dose 
rate would again lead to retention factors and reliability 
targets. Population dose rates would require an allocation 
to the various facilities of the fuel cycle, and criteria for 
siting these facilities could be derived. One should realize 
that only regulations on population dose rates would lead to 
such siting criteria, while individual dose rates would not. 
Today on ly  i n d i v i d u a l  dose  r a t e  l i m i t s  f o r  normal n u c l e a r  
r e a c t o r  o p e r a t i o n  a r e  f u l l y  e s t a b l i s h e d .  What i s  p a r t i c u l a r l y  
needed i s  t h e  e s t ab l i shmen t  of dose  r a t e  l i m i t s  f o r  a c c i d e n t a l  
s i t u a t i o n s .  The p o l i t i c a l  and psycho log ica l  d i f f i c u l t i e s  i n  
doing  s o  a r e  more t han  obvious .  But I should l i k e  t o  observe  
h e r e  t h a t  it i s  t h i s  l a c k  of r e g u l a t o r y  d e c i s i o n s  which, i n  my 
judgement, i s  t h e  g r e a t e s t  o b s t a c l e  t o  mas ter ing  t h e  problems 
of a  l a r g e - s c a l e  deployment of n u c l e a r  power. The hardware, 
t h a t  i s  eng inee r ing ,  i s  no t  t h e  problem. I t  i s  t h e  so f tware  
t h a t  i s  miss ing:  i f  r e g u l a t i o n s  a r e  n o t  e s t a b l i s h e d ,  t h e  
s i t u a t i o n  of n u c l e a r  power i s  openended, and t h i s  ve ry  
openendedness endangers  t h e  deployment of  n u c l e a r  power. 
Th i s  s i t u a t i o n  i s  summarized i n  F igure  5. One may c a l l  
t h i s  scheme: How t o  d e a l  w i t h  t h e  unknown? T r a d i t i o n a l l y  
e n g i n e e r s  a n t i c i p a t e d  c e r t a i n  a c c i d e n t a l  events--by n e c e s s i t y  
w i t h i n  l i m i t s ,  a s  it was t h e n  p o s s i b l e  t o  t a k e  eng inee r ing  
measures a g a i n s t  t h e  a n t i c i p a t e d  unknown. I n  view of t h e  l a r g e  
s c a l e  consequences t y p i c a l  of many of t h e  new t echno log ie s ,  it 
is  now f e l t  t h a t  t h e  whole spectrum of  a c c i d e n t a l  s i t u a t i o n s  
must be  a n t i c i p a t e d .  Th i s  means a n t i c i p a t i o n  of t h e  unknown 
wi thou t  l i m i t s  and l e a d s  t o  t h e  q u e s t i o n  of  C.  S t a r r :  "How 
s a f e  i s  s a f e  enough?" Res idua l  r i s k s  n e c e s s a r i l y  occur ,  a s  
any eng inee r ing  measure i s  l i m i t e d  by i t s  ve ry  n a t u r e  wh i l e  
a n t i c i p a t i o n  of t h e  unknown is wi thou t  l i m i t s .  Residual  r i s k s  
must t h u s  be  embedded i n t o  t h e  n a t u r a l  and manmade r i s k s  t h a t  
e x i s t  i n  any ca se .  Th i s  r e q u i r e s  an unders tandinq  o f  t h e s e  
r i s k s ,  and an unders tanding  of  t h e i r  pe rcep t ion  by i n d i v i d u a l s  
and s o c i e t y .  The j o i n t  IAEA/IIASA group i s  working toward 
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Fgure 5. How to deal with the unknown. 
t h i s  end [ E l .  Agains t  t h a t  background it is  t hen  neces sa ry  
t o  e s t a b l i s h  r e g u l a t i o n s  and s t a n d a r d s  p rov id ing  t a r g e t s ,  a long  
wi th  r e l i a b i l i t y  c o n t r o l  t o  prove t h a t  a  g iven  des ign  meets 
t h e s e  t a r g e t s .  The LWR Rasmussen s tudy  is  t h e  most prominent 
example o f  t h i s  reasoning .  Again one a r r i v e s  a t  eng inee r ing  
measures f o r  s a f e t y ;  b u t  t hey  must now be seen i n  conjunct ion  
wi th  t h e  embedding o f  r e s i d u a l  r i s k s .  
NUCLEAR POWER BEYOND ELECTRICITY GENERATION 
Up t o  now n u c l e a r  power has  been c o n c e n t r a t i n g  almost  
e x c l u s i v e l y  on t h e  gene ra t ion  of  e l e c t r i c i t y .  I t  i s  a  well-known 
f a c t  t h a t  o n l y  about  25% of  t h e  primary energy demand i s  f o r  
e l e c t r i c a l  purposes.  I n  terms of  demand f o r  secondary energy 
it i s  o n l y  10%. Figu re  6 shows expec ted  t r e n d s  f o r  forms o f  
secondary energy. The s h a r e  of e l e c t r i c i t y  w i l l  rise t o  20% 
o r  s o  b u t  no t  much beyond. There i s  a l s o  a  t r e n d  f o r  gaseous 
secondary energy c a r r i e r s  t o  i n c r e a s e  t h e i r  s h a r e ,  wh i l e  t h e  
s h a r e s  o f  s o l i d s  i n  p a r t i c u l a r ,  and of  l i q u i d s  t o  some e x t e n t ,  
w i l l  d e c l i n e .  One must r e a l i z e ,  t h e r e f o r e ,  t h a t  l a r g e  s c a l e  
n u c l e a r  power should  gene ra t e  n o t  on ly  e l e c t r i c i t y  b u t  a l s o  a  
gaseous secondary energy c a r r i e r .  The most prominent cand ida t e  
i s  hydrogen. To a  l e s s e r  e x t e n t  ammonia may be cons ide red ,  
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and g a s i f i c a t i o n  of  c o a l  must a l s o  b e  e n v i s a g e d .  It i s  n o t  o u r  
i n t e n t i o n  t o  e l a b o r a t e  on t h i s  h e r e .  I n s t e a d ,  r e f e r e n c e  i s  
made t o  a n  e a r l i e r  paper  o f  t h e  a u t h o r  [ 9 ] ,  and p a r t i c u l a r l y  
t o  t h e  work o f  C .  M a r c h e t t i  e . g .  [ l o ] .  The f o r e s e e a b l e  f u t u r e  
o f  n u c l e a r  energy  w i l l  be  c h a r a c t e r i z e d  by t h e  LWR; y e t  one  
should  r e a l i z e  t h a t  t h e r e  a r e  n a t u r a l  ways of  combining n e a r  
t e r m  LWR g e n e r a t i o n  w i t h  f a s t  b r e e d e r s  and h i g h  t e m p e r a t u r e  
r e a c t o r s  t o  a l l o w  f o r  t h e  p r o d u c t i o n  o f  e l e c t r i c i t y  and a  
g a s e o u s  secondary  energy  c a r r i e r .  F i g u r e  7 e x p l a i n s  t h i s  r e a c t o r  
combina t ion .  The Pu p r o d u c t i o n  o f  LWR i s  used  f o r  f i r s t  c o r e  
i n v e n t o r i e s  of f a s t  b r e e d e r s .  The b r e e d i n g  g a i n  o f  t h e s e  
b r e e d e r s  c o u l d  be i n  t e r m s  o f  U233, f o r  i n s t a n c e  by p r o v i d i n g  
a  r a d i a l  b l a n k e t  of  t h o r i u m  e l e m e n t s .  The U233 produced would 
t h e n  b e  used t o  comply w i t h  t h e  n e t  r e q u i r e m e n t s  o f  a  THTR. 
I n  t h i s  scheme LWR and b r e e d e r s  a r e  e x p e c t e d  t o  g e n e r a t e  
e l e c t r i c i t y ,  w h i l e  t h e  THTR i s  e x p e c t e d  t o  g e n e r a t e  t h e  g a s e o u s  
secondary  e n e r g y  c a r r i e r .  I t  s h o u l d  b e  n o t e d  t h a t ,  f o r  a n  
e n e r g y  demand t h a t  e v o l v e s  o n l y  s l o w l y ,  t h e  FBR/THTR combina t ion  
c a n  o p e r a t e  i n d e p e n d e n t l y  o n c e  t h e  f i r s t  c o r e  i n v e n t o r i e s  a r e  
p rov ided  f o r .  It would o p e r a t e  on  t h e  b r e e d i n g  p r i n c i p l e ,  
t h e r e b y  e s s e n t i a l l y  de-coupl ing  t h i s  power g e n e r a t i o n  sys tem 
from t h e  problem o f  r e s o u r c e s .  At IIASA t h e  t r a n s i t i o n  t o  a n  
a l l - n u c l e a r  energy  s u p p l y  s c e n a r i o  was s t u d i e d  by W. H a f e l e  
and A.S. Manne [ I  11 . A. Suzuki  extended t h e s e  s t u d i e s  
Figure 7. Transient reactor system. 
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cons ide rab ly  and enr iched  t h e i r  r e s u l t s  by d i s a g g r e g a t i n g  
energy demand and by cons ide r ing  a l s o  s o l a r  power and c o a l  
power [ 1 21 . 
THE CASE OF PLUTONIUM AND ENERGY PARKS 
It i s  no t  on ly  t h e  problem of r a d i a t i o n  dose  r a t e s  t h a t  
m a t t e r s .  E a r l i e r  i n  t h i s  paper  we d i scus sed  t h e s e  c o n s i d e r a t i o n s  
i n  some d e t a i l .  It i s  t h e r e f o r e  impor tan t  t o  extend t h e  scope 
of c o n s i d e r a t i o n s  of t h e  deployment of  l a r g e  s c a l e  n u c l e a r  
power t o  t h e  problem of p h y s i c a l  p r o t e c t i o n .  There a r e  f o u r  
c l a s s e s  of r e q u i r e d  p h y s i c a l  p r o t e c t i o n ,  a s  o u t l i n e d  i n  
F igu re  8. The l e a s t  p roblemat ic  c l a s s  i s  t h a t  of i r r a d i a t e d  
f u e l  e lements .  These a r e  e s s e n t i a l l y  s e l f -de fend ing  by t h e i r  
own s t r o n g  r a d i a t i o n .  Bes ides ,  t h e y  a r e  heavy equipment and 
n o t  ea sy  t o  d i v e r t .  The t iming  of t h e i r  appearance can  be  
seen  i n  Table  3 (LWR r e p r o c e s s i n g ) ;  a s  expla ined  e a r l i e r ,  
t h e r e  i s  a t ime l a g  of about  15 y e a r s  compared wi th  t h e  
appearance of f r e s h  nuc l ea r  m a t e r i a l .  Fresh  n u c l e a r  m a t e r i a l  
forms t h e  second c l a s s  of r equ i r ed  p h y s i c a l  p r o t e c t i o n  i f  i t s  
enrichment  i s  l e s s  t han  f o r  i n s t a n c e  5%.  Th i s  m a t e r i a l  i s  n o t  
s e l f -de fend ing ;  it i s  a l r e a d y  i n  use  i n  s i g n i f i c a n t  q u a n t i t i e s  
b u t  would r e q u i r e  f u r t h e r  enrichment  f o r  e x p l o s i v e  purposes.  
Figure 8. Four classes of required physical protection. 
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A t h i r d  c l a s s  c o n s i s t s  of Pu and U233.  I t  appears  a f t e r  
r ep roces s ing ,  is n o t  r e a l l y  s e l f -de fend ing  and r e q u i r e s  no 
a d d i t i o n a l  enrichment  f o r  exp los ive  purposes.  C l e a r l y ,  t h e  
f o u r t h  c l a s s  i s  made up of h igh ly  en r i ched  uranium. Apart  from 
chemical  convers ion ,  it i s  r e a d i l y  u s a b l e  f o r  exp los ive  purposes .  
Th i s  c l a s s i f i c a t i o n  is  h e l p f u l  i n  conce iv ing  a  d e c i s i o n  t r e e  
f o r  t h e  deployment of a  l a r g e  nuc l ea r  f u e l  c y c l e .  This  d e c i s i o n  
t r e e  is  g iven  i n  F igu re  9.  
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Figure 9. Decision tree for the deployment of peaceful nuclear energy. 
Obviously t h e  f i r s t  d e c i s i o n  is whether  t o  u s e  nuc l ea r  
power o r  no t .  I f  n o t ,  it is  neces sa ry  t o  i d e n t i f y  a l t e r n a t i v e s ,  
t he reby  t r y i n g  t o  understand t h e  i m p l i c a t i o n s  of t h a t  d e c i s i o n .  
I f  ye s ,  t h e  nex t  d e c i s i o n  is  whether t o  go i n t o  chemical  repro-  
c e s s i n g  o r  no t .  I f  n o t ,  s t r a t e g i e s  f o r  i n t e rmed ia t e  was te  
s t o r a g e  and a p p r o p r i a t e  f i n a l  waste  d i s p o s a l  have t o  be 
i d e n t i f i e d .  One should r e a l i z e  t h a t  t h i s  imp l i e s  some kind 
of chemical  p roces s ing  i n  any c a s e .  I f  ye s ,  t h e  nex t  d e c i s i o n  
is  whether t o  go i n t o  plutonium u t i l i z a t i o n  o r  no t .  I f  n o t ,  
plutonium s t o r a g e  is r e q u i r e d .  I f  ye s ,  t h e  nex t  d e c i s i o n  is  
whether t o  avoid  t r a n s p o r t  of open plutonium o r  no t .  I f  n o t ,  
one f a c e s  a l l  t h e  problems of p h y s i c a l  p r o t e c t i o n  f o r  C l a s s  3 
a s  w e l l  a s  r e l a t e d  environmental  concerns.  I f  ye s ,  one i s  l e d  
t o  t h e  scheme of co - loca t ing  t h e  f u e l  c y c l e  f a c i l i t i e s  f o r  
r e p r o c e s s i n g ,  s c r a p  r e c o v e r y  and p l u t o n i u m  f u e l  f a b r i c a t i o n .  
The. AGNES f a c i l i t i e s  i n  Sou th  C a r o l i n a  f o l l o w  t h a t  scheme, and 
t h e  same i s  i n t e n d e d  f o r  t h e  F.R.G. The n e x t  d e c i s i o n  i s  
whether  t o  e l i m i n a t e  a l s o  t h e  t r a n s p o r t  o f  f r e s h l y  f a b r i c a t e d  
p l u t o n i u m - b e a r i n g  f u e l  e l e m e n t s .  I f  n o t ,  p h y s i c a l  p r o t e c t i o n  
p rob lems  o f  C l a s s  3--in t h e  m i l d e r  form,  f o r  s t r o n g l y  e n c a p s u l e d  
plutonium--have t o  b e  f a c e d .  I f  y e s ,  o n e  is  l e d  t o  t h e  scheme 
of  h a v i n g  on o n e  s i t e  b o t h  t h e  f u e l  c y c l e  f a c i l i t i e s  and t h e  
r e a c t o r s  u s i n g  f r e s h  p l u t o n i u m - b e a r i n g  f u e l  e l e m e n t s .  One must 
o b v i o u s l y  d e c i d e  on t h e  a p p r o p r i a t e  r e a c t o r  t y p e .  I n  v iew o f  
t h e  r e a s o n i n g  o f  t h e  l a s t  s e c t i o n ,  o n e  may d e c i d e  t o  have  
t h e s e  c o - l o c a t e d  r e a c t o r s  p roduce  a  g a s e o u s  s e c o n d a r y  energy  
c a r r i e r .  The i n c e n t i v e  f o r  d o i n g  s o  i s  t h e  e a s e  o f  l o n g  
d i s t a n c e  e n e r g y  t r a n s p o r t a t i o n  i n  t h e  GW domain. Comprehensive 
c o - l o c a t i o n s  r e a l l y  mean s t r o n g  c e n t r a l i z a t i o n .  As i n d i c a t e d  
i n  T a b l e  3 ,  a b o u t  2300 t of  f i s s i b l e  p l u t o n i u m  i s o t o p e s  w i l l  
b e  a v a i l a b l e  w i t h i n  t h e  OECD by t h e  y e a r  2000. F o r  q u i c k  
o r i e n t a t i o n  l e t  u s  assume t h a t  t h e s e  p l u t o n i u m  amounts would 
b e  used  a s  f i r s t  c o r e  i n v e n t o r i e s  i n  f a s t  b r e e d e r s ,  much 
a l o n g  t h e  l i n e s  o f  F i g u r e  7 .  One c a n  e x p e c t  a  r a t i n g  o f  r o u g h l y  
1  MW(th)/kg o f  f i s s i l e  Pu; t h e r e f o r e  2300 t o f  f i s s i l e  p lu ton ium 
would c o r r e s p o n d  t o  r o u g h l y  700 GW(e) o f  Pu f u e l e d  r e a c t o r s  
( i f  a l l o w a n c e  i s  made f o r  a n  o u t - o f - p i l e  i n v e n t o r y ) .  T h i s  i s  
r o u g h l y  40% o f  t h e  e x p e c t e d  o v e r a l l  OECD c a p a c i t y  i n  t h e  y e a r  
2000. I f  d i s t r i b u t e d  o v e r  f i v e  comprehens ive  c o - l o c a t i o n s ,  i . e .  
e n e r g y  c e n t e r s ,  t h i s  would mean 140 GW(e) f o r  e a c h  o f  them. 
Long d i s t a n c e  t r a n s p o r t a t i o n  o f  s u c h  electric power q u a n t i t i e s  
may b e  beyond a v a i l a b l e  t e c h n o l o g y ,  w h i l e  t r a n s p o r t a t i o n  a s  a  
g a s e o u s  s e c o n d a r y  e n e r g y  c a r r i e r  i s  c l e a r l y  w i t h i n  e x i s t i n g  
t e c h n o l o g y .  I f  o n e  now r e c a l l s  t h e  n e c e s s i t y  f o r  l a r g e  s c a l e  
n u c l e a r  power t o  p roduce  a  g a s e o u s  s e c o n d a r y  e n e r g y  c a r r i e r  
b e s i d e s  e l e c t r i c i t y ,  o n e  i s  l e d  t o  a  n a t u r a l  d i v i s i o n  o f  
t a s k s :  normal n u c l e a r  power s t a t i o n s ,  based on U235 f u e l i n g  
and a l o n g  t h e  l i n e s  o f  t h e  t e c h n i c a l  e x p e r i e n c e  now a v a i l a b l e ,  
would c o n t i n u e  t o  f u n c t i o n  a s  e l e c t r i c  power s t a t i o n s  on a  
d e c e n t r a l i z e d  b a s i s .  The i r r a d i a t e d  f u e l  e l e m e n t s  would b e  
t r a n s p o r t e d  t o  t h e  c o - l o c a t i o n s  w i t h  C l a s s  1  o f  p h y s i c a l  
p r o t e c t i o n  ( v e r y  l i t t l e  p r o t e c t i o n  r e q u i r e d ) ,  and t h e  Pu would 
n e v e r  a g a i n  l e a v e  t h e s e  e n e r g y  c e n t e r s .  I n s t e a d ,  i t  would f u e l  
r e a c t o r s  t h a t  would p r o b a b l y  p roduce  m a i n l y  t h e  p r o c e s s  h e a t  
f o r  s y n t h e s i z i n g  a  g a s e o u s  s e c o n d a r y  e n e r g y  c a r r i e r ,  w i t h  
s u b s e q u e n t  e a s y  t r a n s p o r t a t i o n  i n  a n  ( a l r e a d y  e x i s t i n g ? )  
p i p e l i n e  system.  Of c o u r s e ,  we d o  n o t  want t o  e x c l u d e  
e l e c t r i c i t y  g e n e r a t i o n  i n  such  e n e r g y  c e n t e r s ,  when a p p r o p r i a t e .  
One t h e r e f o r e  a r r i v e s  a t  a  sequence  o f  modes f o r  t h e  geo- 
g r a p h i c a l  deployment  of n u c l e a r  e n e r g y  a s  shown i n  F i g u r e  10 .  
With t i m e ,  and a s  t h e  c a p a c i t y  o f  a  modern e n e r g y  sys tem e v o l v e s ,  
we move f rom a  t r a n s i t i o n  f rom c o a l  t o  o i l  and a r e  b e g i n n i n g  
t o  see t h e  t r a n s i t i o n  t o  l o c a l  n u c l e a r  p l a n t s  on t h e  b a s i s  
o f  U235 f u e l .  The n u c l e a r  community now f a c e s  t h e  problem of  
a p p r o p r i a t e  u s e s  o f  l a r g e  p l u t o n i u m  amounts.  W e  h e r e  s u g g e s t  
a s  a  f u r t h e r  t r a n s i t i o n  t h e  u s e  o f  t h i s  p lu ton ium i n  comprehens ive  
c o - l o c a t i o n s ,  i - e . ,  i n  l a r g e  c e n t r a l i z e d  e n e r g y  c e n t e r s ,  p o s s i b l y  
o f f s h o r e .  I t  i s  e n c o u r a g i n g  t o  know t h a t  J a p a n e s e  s c i e n t i s t s  
such  a s  H. Murata  o f  JAERI a t  Toka i  Mura p u r s u e  such  a  c o n c e p t  
s t e a d i l y  and c o n s c i o u s l y .  
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Figure 10. Modes for the geographical deployment of nuclear energy. 
I t  s h o u l d  a l s o  be  n o t e d  t h a t  t h e  p r o v i s i o n  o f  a  g a s e o u s  
s e c o n d a r y  c a r r i e r  a l l o w s  f o r  t h e  e a s y  i n t e g r a t i o n  o f  o t h e r  
p r i m a r y  e n e r g y  s o u r c e s  t o  come, such  a s  s o l a r  power. S o l a r  
power,  by i n h e r e n t  n e c e s s i t y ,  r e q u i r e s  l a r g e  s c a l e  energy  
s t o r a g e .  T h i s  c a n  be a c h i e v e d  n a t u r a l l y  on t h e  b a s i s  o f  a  
g a s e o u s  s e c o n d a r y  e n e r g y  c a r r i e r  which would t h e n ,  i n  f a c t ,  
s i g n i f i c a n t l y  i n c r e a s e  t h e  v e r s a t i l i t y  and r e s i l i e n c e  o f  a  
modern energy  sys tem [ 9 ] .  
A REMARK ON MULTINATIONAL ENERGY CENTERS 
It was ment ioned a t  t h e  b e g i n n i n g  o f  t h i s  p a p e r  t h a t  
p r e s e n t  o i l  s u p p l i e s  b r i d g e  g l o b a l  d i s t a n c e s .  T r a n s p o r t a t i o n  
i n  l a r g e  t a n k e r s  f a c i l i t a t e s  t h e  shipment  o f  a b o u t  25 m i l l i o n  
b a r r e l s  p e r  d a y ,  t h e  e q u i v a l e n t  of 1 . 7  T W ( t h ) .  W e  a l s o  saw 
t h a t  t h e  problems o f  i n s t a l l i n g  l a r g e  s c a l e  n u c l e a r  power 
a r e  t h e  problems o f  e n t e r i n g  t h e  TW domain. The s c a l e  o f  
n u c l e a r  power e x p e c t e d  f o r  t h e  OECD by t h e  y e a r  2000 d e m o n s t r a t e s  
t h i s  and a l s o ,  i n h e r e n t l y ,  t h e  amount o f  Pu t o  b e  e x p e c t e d .  
W e  saw t h a t  by t h e  y e a r  2000 t h e  e q u i v a l e n t  o f  700 G W ( e )  would 
b e  based  on p lu ton ium.  I n  t h i s  c o n t e x t  one must r e c a l l  t h a t  
one  gram of p lu ton ium i s  t h e  e q u i v a l e n t  o f  o n e  t o n  o f  c o a l  
power p e r  y e a r .  Note t h a t  t h i s  i s  n o t  o n l y  a  p h y s i c a l  e q u i v a l e n t ;  
it a l s o  r e l a t e s  t h e  e f f o r t  and a t t e n t i o n  accompanying o n e  t o n  
o f  c o a l  p e r  y e a r  t o  t h a t  r e q u i r e d  f o r  t h e  a d e q u a t e  h a n d l i n g  of  
one  gram o f  plutonium. I n  t h i s  p e r s p e c t i v e ,  t h e n ,  it is  n o t  
s u r p r i s i n g  i f  t h e  c o n c e p t  of energy  p a r k s  i s  v i s u a l i z e d .  Energy 
p a r k s  mean t h e  t r a n s i t i o n  of n u c l e a r  power from t h e  GW t o  t h e  
TW domain. W e  r e l a t e d  t h e  n u c l e a r  e n e r g y  p a r k  c o n c e p t  t o  t h e  
p r o d u c t i o n  of  a  gaseous  secondary  e n e r g y  c a r r i e r .  A gaseous  
secondary  c a r r i e r  c a n  b e  l i q u e f i e d .  I n  c a s e  o f  ammonia t h i s  
i s  c o n v e n t i o n a l  t echnology;  it c a n  a l s o  b e  done f o r  hydrogen,  
and h y d r a z i n e  should  b e  e n v i s a g e d  a s  w e l l .  Energy c e n t e r s  i n  
t h e  TW domain c o u l d  t h e r e f o r e  s e r v e  a s  a n  a r t i f i c i a l  s u b s t i t u t e  
f o r  n a t u r a l  o i l  f i e l d s ,  and,  u n l i k e  t h e s e ,  would b e  i n e x h a u s t i b l e .  
By t h i s  r e a s o n i n g  we a r e  l e d  t o  t h e  p o s s i b l e  c o n c e p t i o n  
o f  e n e r g y  c e n t e r s  on a  m u l t i n a t i o n a l  b a s i s .  T h i s  would a l s o  
smoothly e l i m i n a t e  t h e  concern  a b o u t  n o n - p r o l i f e r a t i o n  o f  
n u c l e a r  weapons and a d e q u a t e  p h y s i c a l  p r o t e c t i o n .  I t  i s  o b v i o u s  
t h a t  t h e  problems o f  implement ing such  a  scheme a r e  n o t  of a  
t e c h n o l o g i c a l  n a t u r e ;  e n g i n e e r i n g w i s e  it c a n  b e  done.  The 
problems a r e  s o f t  o n e s :  who i s  r e s p o n s i b l e  f o r  t h e  o p e r a t i o n  
o f  such  c e n t e r s ,  who i s  l i a b l e ,  who g i v e s  t h e  commercial 
g u a r a n t e e s  f o r  t i m e l y  d e l i v e r y ,  and who g u a r a n t e e s  s e c u r i t y ?  
I n  t h e  r e a s o n i n g  of  t h i s  p a p e r  it i s  n o t  s u r p r i s i n g  t h a t  it i s  
t h e  s o f t  a s p e c t s  which p o s e  t h e  problem,  and n o t  t h e  h a r d  
t e c h n o l o g y .  
Complet ing a  t o t a l  sys tem of  n u c l e a r  power h a s  l e d  u s  t o  
c o n s i d e r a t i o n s  i n  t h e  TW domain. I t  may b e  h e l p f u l  t o  r e a l i z e  
t h e  more s u b t l e  i m p l i c a t i o n s  of  such  a  s t e p  a s  e x p l a i n e d  i n  
F i g u r e  11. U n t i l  100 y e a r s  ago  mankird o p e r a t e d  w i t h  h o r s e s  
and o t h e r  a n i m a l s  a s  e n e r g y  sys tems;  t h i s  was t h e  kW domain. 
A d i s t i n c t  e v o l u t i o n a r y  s t e p  was t a k e n  when p h y s i c i s t s  r e a l i z e d  
t h e  more a b s t r a c t  and t h u s  more g e n e r a l  meaning of  t h e  t e r m  
e n e r g y .  It t o o k  them beyond mechanics  i n t o  thermodynamics and 
e l e c t r o d y n a m i c s .  Maxwell ' s  name may s t a n d  f o r  t h a t .  On t h e  
u t i l i t y  s i d e ,  James Watt and Werner von Siemens may c h a r a c t e r i z e  
t h e  a m p l i f i c a t i o n  o f  t e c h n o l o g i c a l  p o s s i b i l i t i e s  accompanying 
t h a t  s t e p .  The change from t h e  kW t o  t h e  MW domain had begun. 
P h y s i c i s t s  went  on t o  c o n c e i v e  quantum mechanics ,  r e a l i z i n g  
t h e  more a b s t r a c t  and t h u s  more g e n e r a l  meaning o f  t h e  t e r m  
i n f o r m a t i o n :  it i s  b r o a d e r  and more power fu l  t h a n  energy .  
The name of Heisenberg  may symbol ize  t h i s  l e v e l  o f  a b s t r a c t i o n .  
On t h e  u t i l i t y  s i d e ,  it l e d  t o  t h e  t echnology  o f  i n f o r m a t i o n  
p r o c e s s i n g  and t o  n u c l e a r  e n e r g y  t e c h n o l o g y .  The names o f  
John v .  Neumann and Fermi may b e  r e p r e s e n t a t i v e .  T h i s  meant 
a  change  from t h e  MW t o  t h e  GW domain. 
Figure 11. Levels of abstractionfutility. 
W e  should  n o t  b e  s u r p r i s e d  nowadays t h a t  i f  we want t o  
e n t e r  t h e  TW domain, t h i s  a g a i n  means a  new and q u a l i t a t i v e  
s t e p .  One may c o n j e c t u r e  t h a t  it r e l a t e s  t o  a  s t e p  p h y s i c i s t s  
may have  t a k e n  r e c e n t l y .  The t h e o r y  o f  e l e m e n t a r y  p a r t i c l e s  
i s  more a  problem o f  p a t t e r n s  t h a n  o f  i n f o r m a t i o n .  The 
q u a r k  c o n c e p t  o f  Gell-Mann p o i n t s  i n  t h a t  d i r e c t i o n .  
Again on t h e  u t i l i t y  s i d e ,  one  must now a l s o  a n t i c i p a t e  a  
new e lement .  T h i s  p a p e r  h a s  s t r e s s e d  t h a t  t h e  problems o f  
b r i n g i n g  n u c l e a r  power i n t o  t h e  TW domain a r e  s o f t  i n  n a t u r e :  
t h e y  a l l  p o i n t  t o  management and i n s t i t u t i o n a l  problems.  
Mere i n f o r m a t i o n  i s  no l o n g e r  d o i n g  t h e  job .  W e  need more 
t h a n  i n f o r m a t i o n ,  something t h a t  may b e  c a l l e d  " g e s t a l t "  o r  
a  body o f  i n s t i t u t i o n a l  c a p a b i l i t i e s .  
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I t  i s  t i m e  t h e r e f o r e  t o  r e a l i z e  t h a t  a  d i s t i n c t  c u l t u r a l  
s t e p  i s  needed t o  e n t e r  t h e  TW domain--one q u i t e  comparab le  
w i t h  t h e  e v o l u t i o n a r y  s t e p  t h e  o l d  c i v i l i z a t i o n s  i n  t h e  l a r g e  
v a l l e y s  managed t o  t a k e  when t h e y  tamed r i v e r s  s u c h  a s  t h e  
E u p h r a t e s ,  t h e  T i g r i s  o r  t h e  N i l e .  The problems were n e i t h e r  
t o  b u i l d  a  dam h e r e  and t h e r e ,  n o r  t o  i n s t a l l  g a t e s ,  w a t e r  
t h e  l a n d  and d e v e l o p  new a g r i c u l t u r a l  methods.  The b a s i s  f o r  
s u p p o r t i n g  p e o p l e s  was formed o n l y  when a  " t e c h n o l o g y  g e s t a l t "  
on a  ( t h e n )  worldwide s c a l e  was combined w i t h  a  new i d e a  o f  
managing b e n e f i t s  and r i s k s  on  t h a t  s c a l e :  t h e  a d v e n t  o f  t h e  
i d e a  o f  a  S t a t e .  New t e c h n o l o g y  and a  new s o c i a l  s t r u c t u r e  
formed a  s y m b i o s i s .  
INSTITUTIONS, , 
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Upon r e f l e c t i o n ,  o u r  p r e s e n t  d i f f i c u l t i e s  i n  p r e p a r i n g  
f o r  t h a t  a p p e a r  t o  b e  i n  l i n e  w i t h  t h e  p r o c e s s  o f  n a t u r a l  
e v o l u t i o n .  
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